The ubiquitin ligase F-box and WD repeat domain-containing 7 (FBXW7) is responsible for degrading diverse oncoproteins and is considered a tumor suppressor in many human cancers. Inhibiting FBXW7 enhances the malignant potential of several cancers. In this study, we aimed to investigate the role of FBXW7 in cholangiocarcinoma.
infection, are considered specific risk factors for CC. 2, 3 Because of its insidious nature, CC is usually diagnosed at an advanced stage and has a poor prognosis. Complete surgical resection is the most effective therapy for CC 4 ; however, this does not significantly improve prognosis, especially in cases with lymph node metastasis and perineural invasion. 5 The current standard for chemotherapy in advanced stages of CC is the combination of GEM and CDDP. 6 The clinical efficacy of this regimen is limited, with a median survival of 11 months. 7 Therefore, clarification of the molecular mechanisms of CC is urgently needed for the development of more effective therapies.
F-box and WD repeat domain-containing 7 (FBXW7) (also known as Fbw7, SEL-10, hCdc4, or hAgo) is a member of the F-box family of proteins and was first identified in Caenorhabditis elegans as a negative regulator of the signaling protein NOTCH (LIN-12). 8 FBXW7 functions as the substrate-recognition subunit of the S-phase kinase-associated protein 1/Cullin 1/F-box protein E3 ubiquitin ligase complex, which targets various mammalian oncoproteins that promote cell-cycle progression and regulate proliferation, growth, and apoptosis for proteasomal degradation. [9] [10] [11] [12] FBXW7 substrates include cyclin E, 13 NOTCH, 14 mTOR, 15, 16 MCL1, 12 c-Myc, 17, 18 and c-Jun. 19 Given its role in the degradation of these oncoproteins, FBXW7 is considered a tumor suppressor, and its deficiency leads to tumorigenesis. 9 Indeed, loss-of-function mutations in FBXW7 are found in breast and colorectal cancers, 20 T-ALL, 9, 21 and CC, 22 with an especially high frequency of mutation observed in CC patients (5%-35%). [22] [23] [24] FBXW7 has 3 functional domains that are critical to its function as a ubiquitin ligase, and the WD40 domain includes 3 arginine residues that are mutational hot spots in cancer. 25 However, one study found that in pancreatic ductal adenocarcinoma, FBXW7 was rarely mutated, although its protein levels were significantly reduced through a mechanism involving activated Ras/Raf/MAPK kinase/ERK signaling, with a resultant increase in tumorigenic potential. 26 The NOTCH signaling pathway is evolutionarily conserved and plays an important role in cell proliferation, differentiation, self-renewal, and migration. 27, 28 NOTCH1 signaling is activated by the binding of the NOTCH ligand to its cognate receptor, 28 which is then cleaved by γ-secretase and functions as a NOTCH1 intracellular domain. This enters the nucleus and regulates the transcription of target genes. 28 NOTCH1 intracellular domain is degraded by FBXW7-mediated ubiquitylation. 28 NOTCH signaling is aberrantly activated in various malignancies. [29] [30] [31] [32] In T-ALL, NOTCH signaling is activated by mutations in either NOTCH1 and/ or FBXW7 and is associated with poor prognosis. 33 Moreover, it has been shown that NOTCH signaling induces a biliary differentiation program in hepatocytes or hepatic progenitor cells, leading to intrahepatic CC. 34 Thus, NOTCH1 is closely associated with both FBXW7 and CC. In fact, we previously reported that aberrant NOTCH signaling in CC might be an indicator of poor survival and that inhibiting NOTCH signaling with agents such as γ-secretase inhibitor IX could be a novel strategy for targeting cells with CSClike properties. 35 Cholangiocarcinoma cells are resistant to chemotherapeutic agents such as CDDP, accounting for the poor prognosis of CC. 7, 36 Several studies have described the relationship between the mechanism of CDDP resistance and the accumulation of MCL1. [36] [37] [38] Despite the importance of MCL1 in several cancers, the relationship between the FBXW7/MCL1 pathway and CDDP-induced apoptosis in CC has not been previously investigated, and the association between FBXW7 and MCL1 in CC remains unknown.
We aimed to address these questions in the present study by first investigating the relationship between FBXW7 expression and clinicopathological outcomes in CC patients to assess the prognostic value of FBXW7 expression. In addition, we examined the possible mechanisms underlying CC progression by exploring the expression of FBXW7 and its substrates.
| MATERIAL S AND ME THODS

| Patients and specimens
Consecutive patients with surgically resected CC (n = 154), treated 
| Immunohistochemistry
Immunohistochemistry was carried out using Abs against FBXW7 
| Assessment of FBXW7 expression
Given the heterogeneity in FBXW7 immunostaining, H scoring was used for evaluation. The percentage of immunostaining and staining intensity (0, negative; 1+, weak; 2+, moderate; and 3+, strong) was recorded ( Figure S1 ). An H score was calculated using the following 
| Short interfering RNA transfection
The sense and antisense siRNA oligonucleotides used in this experiment are listed in Table S1 and were purchased from Thermo Fisher Scientific. Subconfluent cells were transfected with siRNAs using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer's protocol.
| Short hairpin RNA transfection
To generate stably transfected cell lines, DNA oligonucleotides encoding shRNAs directed against FBXW7 were annealed and subcloned into the BamHI and HindIII sites of the pBAsi-hU6
Neo DNA vector (Takara Bio, Otsu, Japan). The sense and antisense shRNA sequences used in this experiment are listed in Table S2 . RBE cells were transfected with FBXW7 shRNA using Lipofectamine LTX Reagent with Plus (Thermo Fisher Scientific)
according to the manufacturer's protocol. The pBAsi-hU6 Neo DNA negative control vector (Takara Bio), encoding an shRNA sequence not found in the human genome database, was used as a control. Transfected clones were selected using G418 (1000 μg/ mL) for 3 weeks, and single clones were selected using the limited dilution method. FBXW7 silencing was evaluated by qRT-PCR and immunoblotting.
| Quantitative RT-PCR
For mRNA quantification, total RNA was isolated using Nucleospin RNA II (Takara Bio). RNA was quantified with a Nanodrop spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized from 1.5 μg total RNA using PrimeScript RT Master Mix (Takara Bio), and qPCRs were carried out on a StepOnePlus Real-time PCR system (Thermo Fisher Scientific) using SYBR Premix Ex Taq II (Tli RNaseH Plus; Takara Bio). GAPDH mRNA was used as an internal reference. The primers used in this experiment are listed in Table S3 . Relative transcript levels were calculated with the 2 −ΔΔCT method.
| Immunoblotting
Cells were lysed in radioimmunoprecipitation assay buffer (Thermo Table S4 . The densitometric analysis was undertaken using ImageJ software (http://imagej.nih.gov/ij/).
Arbitrary densitometric units of the proteins of interest were normalized to those of GAPDH.
| Colony formation assay
Cells were seeded in 6-well plates at 1 × 10 3 cells/well and cultured for 10 days before being fixed in 99.5% ethanol for 30 minutes and stained with 1% crystal violet solution for 30 minutes. The number and sizes of colonies were recorded, and results are reported as the mean of 3 independent experiments performed in triplicate.
| Wound healing assay
Cells were seeded in a 6-well plate and grown until 90%-100% confluence. Monolayers were scratched with a 200-μL sterile pipette tip to create an artificial wound, which was photographed at 0 and 20 hours. Cell motility was evaluated by measuring the change in the migration area. Results are presented as the mean of 3 independent experiments performed in triplicate.
| Migration assay
Transwell assays were carried out using a 24-well cell migration chamber 
| Statistical analysis
Unless otherwise indicated, data are expressed as the mean ± SE.
Differences between two groups were evaluated with the t test. 
| FBXW7 expression is associated with CC patient survival
We evaluated patient survival using Kaplan-Meier survival analysis to compare the postoperative prognosis of patients with high vs low FBXW7 expression. The log-rank test revealed significant differences in DFS and OS between the two groups (P = .001 and P < .001, respectively) ( Figure 1 ). Both DFS and OS rates were lower in patients with low FBXW7 expression than in those with high FBXW7 expression, with 5-year survival rates of 38.6% and 89.7%, respectively.
| FBXW7 expression is a prognostic biomarker in CC
To assess the prognostic value of FBXW7, we carried out univariate analyses for DFS and OS in CC patients. The univariate analysis for DFS revealed that FBXW7 expression (P = .001), UICC primary tumor classification (UICC-pT) (P = .002), UICC-pN (P < .0001), lymphatic invasion (P = .0004), venous invasion (P = .01), neural invasion (P = .001), and adjuvant chemotherapy (P = .001) were useful prognostic factors (Table 2A) . Multivariate Cox regression analysis showed that FBXW7 expression (P = .006) and UICC-pN (P < .0001) were independent prognostic factors for DFS (Table 2A) . The univariate analysis for OS revealed that FBXW7 expression (P = .0001), UICC-pT (P = .001), UICC-pN (P < .0001), UICC-pM (P < .0001), lymphatic invasion (P = .013), neural invasion (P = .029), curative resection (P = .029), and adjuvant chemotherapy (P = .005) were valuable prognostic factors (Table 2B) .
Multivariate Cox regression analysis indicated that FBXW7 expression (P = .0004), UICC-pT (P = .032), UICC-pN (P = .001), and UICC-pM (P = .029) were independent predictors of OS (Table 2B ). These results
show that, in addition to other reported factors, 4,40 FBXW7 expression is a useful prognostic biomarker in CC patients.
| FBXW7 suppression leads to NOTCH1 accumulation
Immunohistochemical analysis of CC patient tissue samples revealed that low FBXW7 expression was significantly associated 
| FBXW7 suppression does not affect CC cell proliferation
To investigate the role of FBXW7 in the progression of CC, we evaluated the effect of FBXW7 suppression on CC cell proliferation by counting the number of cells every 24 hours. There was no difference in the growth rates of FBXW7-depleted and control cells in any of the cell lines examined ( Figure 2G ).
| FBXW7 suppression promotes CC progression
We established stable silencing of FBXW7 in RBE cells by transfecting them with FBXW7 shRNA. FBXW7 knockdown resulted in the accumulation of NOTCH1, as determined by immunoblotting ( Figures 2H,   S2D ); however, qRT-PCR analysis revealed that the NOTCH1 mRNA level was unaltered ( Figure 2I ). Similar results were obtained by siRNAmediated FBXW7 knockdown.
Although low FBXW7 expression was linked to poor survival in CC patients, FBXW7 suppression did not affect CC cell proliferation. NOTCH signaling has been shown to promote selfrenewal, differentiation, proliferation, survival, angiogenesis, and migration 27, 28 ; therefore, as NOTCH1 is a substrate of FBXW7 in CC cells, we examined its role as an oncoprotein by evaluating whether NOTCH1 activation in FBXW7-depleted CC cells enhanced self-renewal and migration using colony formation, wound healing, and migration assays. FBXW7 inhibition increased colony number ( Figure 3A ) and promoted cell migration ( Figure 3B ,C) compared to levels in the control treatment. To determine whether these effects were attributable 
| FBXW7 suppression inhibits CDDP-induced apoptosis through MCL1 accumulation
Cis-diamminedichloridoplatinum is a chemotherapeutic agent that is widely used to treat patients with CC. 6 We examined the effect of EV, empty vector; sh1, short hairpin FBXW7-1; sh2, short hairpin FBXW7-2; si1, short interfering FBXW7-1; si2, short interfering FBXW7-2; siCtl, short interfering control knockdown ( Figure 4A ). However, in the presence of CDDP, the fraction of apoptotic cells was reduced in FBXW7-depleted CC cells compared to that in control cells ( Figure 4B ).
Myeloid cell leukemia sequence 1 is a FBXW7 substrate that is associated with CDDP resistance in several types of malignancy. 36, 38, 42 To determine whether MCL1 is regulated by FBXW7
in CC cells treated with CDDP, we analyzed MCL1 levels in FBXW7-depleted CC cells by immunoblotting. We found that MCL1 expression was increased in these cells in the presence, but not in the absence, of CDDP (Figures 2A-C,H, 4C, S4A ). In contrast, there was no change in MCL1 mRNA expression following suppression of FBXW7 ( Figure 4D ).
To determine whether MCL1 mediates the effects of FBXW7 on apoptosis, we silenced MCL1 in FBXW7-depleted CC cells, and we found that the apoptotic fraction was restored to control levels ( Figure 4B ,E). These results suggest that FBXW7 enhances apoptosis by promoting the degradation of MCL1 in CC.
| D ISCUSS I ON
Among cancers, CC has one of the worst prognoses. As such, there is an urgent need to identify new prognostic biomarkers and therapeutic targets. The downregulation of FBXW7, which encodes a tumor-suppressor protein, is observed in various types of cancer and affects many aspects of carcinogenesis, including cell cycle progression, proliferation, differentiation, stem cell quiescence, transcription, DNA damage repair, and apoptosis. 43 Mutations in FBXW7 have been observed in various types of human cancer, including CC. 9, [20] [21] [22] [23] [24] In the absence of FBXW7 mutations, impairment of FBXW7 function by a mechanism involving activated Ras-Raf-MEK-ERK signaling is reportedly associated with tumorigenic potential and poor prognosis in pancreatic ductal cancer. 26 Furthermore, miR-223 promotes CDDP resistance in gastric cancer cells by regulating G 1 /S cell cycle transition and apoptosis through the targeting of FBXW7. 42 Therefore, we sought to confirm the association between low FBXW7 expression and poor prognosis in CC, regardless of mutation status.
In the present study, we determined that FBXW7 expression level was the most important independent prognostic factor for DFS and OS, although there were no correlations between any clinicopathological features and FBXW7 expression levels in tumor tissue samples from CC patients. Loss of FBXW7 has been linked to tumor progression and poor prognosis in intrahepatic CC 44 ; however, in this prior study, downregulation of FBXW7
was not identified as an independent prognostic factor for DFS or OS, most likely because of the small number of patients included. Our results indicate that FBXW7 can predict malignant potential in CC and might be associated with sensitivity to therapy after recurrence.
The NOTCH signaling pathway is evolutionarily conserved and plays important roles in cell self-renewal, differentiation, proliferation, survival, angiogenesis, and migration. 27, 28 NOTCH signaling is aberrantly activated in various malignancies, including ovarian, breast, and pancreatic cancers and leukemia. [29] [30] [31] [32] NOTCH signaling is also activated in CC, and NOTCH overexpression has been linked to poor survival. 35 NOTCH signaling could induce a biliary differentiation program in hepatocytes or hepatic progenitor cells, resulting in intrahepatic CC. 34 In the present study, we observed NOTCH1 accumulation in CC cells depleted of FBXW7. It was recently shown that increases in colony-forming capacity, invasiveness, and migratory ability were associated with other CSC characteristics, such as selfrenewal, in hepatocellular carcinoma and promoted tumor initiation and growth, leading to metastasis. 41 In addition, it was reported that suppression of FBXW7 increased the expression of OCT4 and NANOG in CC cells and that the cells formed tumor spheres, which indicated promotion of the CSC-like capability of CC cells. 16 The increased self-renewal capacity observed in our study could be due to NOTCH1 accumulation resulting from FBXW7 suppression in CC. Moreover, FBXW7 knockdown induced CC cell migration by an increase in NOTCH1, which could promote malignant potential and metastasis in CC. In contrast, previous experiments by our group have shown that there were no significant survival differences between patients with and without NOTCH1 expression. Thus, we concluded that the relationships between the clinicopathological features of CC and NOTCH differed according to the type of NOTCH receptors and that NOTCH signaling participates in the initial step of tumor progression. 35 The current standard for chemotherapy in advanced and recurrent CC is the combination of GEM and CDDP, 6 but its efficacy is limited due to the development of chemoresistance, the mechanisms of which are not well understood. Several studies have, however, described the relationship between CDDP resistance and the accumulation of MCL1. [36] [37] [38] Unlike other B-cell lymphoma two family members, MCL1 is unstable 45 and provides a mechanism for cells to shift from survival to apoptosis in response to stressors. 46 FBXW7 modulates the apoptotic pathway by regulating MCL1 degradation. 12 However, the relationship between the FBXW7/MCL1 pathway and CDDP-induced apoptosis in CC has not been previously investigated. We reveal here for the first time that suppression of FBXW7 inhibits CDDP-induced apoptosis by accumulation of MCL1 in CC. We found that MCL1 was a F I G U R E 4 FBXW7 knockdown blocks cis-diamminedichloridoplatinum(II) (CDDP)-induced apoptosis through regulation of myeloid cell leukemia sequence 1 (MCL1 phosphorylation, ubiquitination, and proteasome-mediated degradation. 37 Thus, in the present study, we found that the phosphorylation of MCL1 was upregulated by CDDP treatment, which affected the FBXW7/MCL1 interaction. However, we could not identify the specific molecules that enhanced CDDP-induced MCL1 phosphorylation. Therefore, further studies are needed to verify the mechanisms of MCL1 accumulation and function that are dependent on CDDP stimulation.
An association between the downregulation of FBXW7 and accumulation of its substrates has been reported in various malignancies. [12] [13] [14] [15] [16] [17] [18] In CC, mTOR is a substrate of FBXW7 that is implicated in epithelial-mesenchymal transition and metastasis. 16 However, we did not observe any increases in the levels of mTOR or other reported FBXW7 substrates in CC cells transfected with either siRNA or shRNA against FBXW7. It has been reported that FBXW7 ubiquitylation of its substrates is context-and tissue-dependent. 9, [47] [48] [49] Thus, similar to the accumulation of MCL1 in response to CDDP, an increase in the other FBXW7 substrates might be observed in specific tissues or contexts.
To evaluate the effect of FBXW7 on GEM-induced apoptosis, we analyzed the apoptotic rate in CC cells treated with GEM. Gemcitabine did not induce apoptosis in a concentration-dependent manner ( Figure   S4B ). It was previously reported that GEM-resistant pancreatic cancer cells show senescence-associated phenotypes instead of undergoing apoptosis, leading to reversible cellular arrest to evade cell death and the development of GEM resistance. 50 We propose that a similar phenomenon occurs in CC cells treated with GEM.
In this study, we identified NOTCH1 and MCL1 as two substrates of FBXW7 in CC cells. Although it is important to understand the interaction between NOTCH1 and MCL1, this was not investigated here and will be addressed in future studies. Moreover, it has been reported that impairment of FBXW7 function by a mechanism involving activated Ras is associated with tumorigenic potential and poor prognosis 26 and that the Fbxw7 gene is a p53-dependent tumor-suppressor gene in mice. 15 Thus, FBXW7 might be associated with other tumor and tumor-suppressor genes that might contribute to poor prognosis of CC.
In conclusion, our study showed that suppression of FBXW7 is associated with poor survival outcome in CC patients. 
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